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Abstract
Recent experiments using neutral atoms to manipulate quantum 
information show promise for constructing a large-scale, practical 
quantum computer. Achieving such a quantum computer will 
require less destructive optical traps for the atoms. Using 
theoretical and computational tools, we consider the feasibility of 
one possible “magic” trap for rubidium. Preliminary results 
suggest such trapping may be possible, but more accurate 
calculations are necessary to reach  definitive conclusion.
Objectives
• Calculate Rydberg state polarizability: Polarizabilities for 
rubidium’s ground state and low-lying states have been 
calculated previously to high accuracy. But no high-accuracy 
calculations of Rydberg polarizabilities exist.
• Find “magic” 3-level system in Rb. Previous works have 
considered “magic” trapping of 2-level systems only; the 3-level 
system above adds additional complexity.
Methods
• Dirac-Hartree-Fock: Our ab initio computer codes begin by 
implementing the Dirac-Hartree-Fock (DHF) method, first solving 
for the core orbitals, then single-valence orbitals in the frozen-
core approximation. From this we generate a quasi-complete 
basis set of atomic orbitals using B-splines.
• Correlation Corrections: The DHF method only includes 
electron-electron interactions (known as correlation effects) 
approximately, so we use many-body perturbation theory to 
include additional correlation effects. In particular, we build 
Brueckner orbitals and use the relativistic random phase 
approximation (RRPA) to include core polarization and 
perturbations from the external field, respectively.
• Since the calculations begin from first principles, we can 
compare partial results to known experimental data to estimate 
the codes’ accuracy.
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Introduction
• Quantum computation is predicted to offer exponential speed-
up for a variety of computationally difficult problems, but actually 
building a quantum processor remains elusive.
• Qubit: Quantum Bit, the fundamental unit of quantum 
information. It uses 0s and 1s like normal, but now 
superpositions and entanglement are possible.
• Quantum information manipulation needs strong, tunable 
interactions for reasonable efficiency and low error rate.
• “Rydberg blockade”: a mechanism for quantum gate 
operations using Rydberg atoms separated by a few µm
• Rydberg states: highly excited, weakly bound atomic energy 
levels. Atomic size in solids: few Å. Typical Rydberg state radius: 
few µm (104 times larger!)
• Rydberg states exhibit
strong dipole interactions
compared to the feeble
Interactions between
ground-state atoms ~10 µm
at ~10 µm range. 
• Excitations to Rydberg states with laser pulses provide a means 
to turn strong interactions on and off quickly, without ever 
moving the atoms.
• Polarization: the
deformation of an ε
atom’s electron cloud
by an applied electric
field, ε. w/ no ε field              w/ ε field    
• Polarization p = α·ε, where α is polarizability. α depends only 
on the atom’s internal structure and on ω (the oscillation 
frequency of ε).
• Stark Effect: internal energy levels of an atom are shifted by 
external electric fields, given by ΔE = - α(ε/2)2.
~µm
~Å
Introduction (pt II)
• Rydberg blockade gates explained: 2 atoms are placed in optical 
traps ~10 µm apart. We are interested in a 3 level system made of 
2 low-lying levels and 1 Rydberg level. The strong electric dipole 
of a Rydberg atom shifts the energy levels of its neighbors via the 
Stark effect.
• Photons with energy E=ħω0 will only be absorbed by target 
atom if the control atom is not in |R>.
• Such a 2-qubit system allows CNOT gate operations, the basis 
for any quantum algorithm.
• Optical Trap: An atom
in an oscillating ε field has
an induced dipole, which
experiences a force from
the ε field. This force can
suspend atoms against
gravity. The problem: the
trapping laser perturbs the
atomic energy levels and destroys the qubit’s coherence.
• “Magic” Trap: By using a trap laser at a particular “magic” 
frequency, the states of interest have identical polarizability. Then 
the Stark shift cancels, and coherence is preserved.
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From M. Saffman and T.G. Walker, Phys. Rev. A 72, 022347 (2005).
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Results
• Below we plot polarizabilities of the ground state 5s and 
Rydberg state 50s in Rb. The necessary B-field to attain magic 
trapping between the |0> and |1> states (the hyperfine sublevels 
of 5s) is also shown.
• The necessary
magnetic field to
achieve Stark
cancellation may
be sufficiently
strong to
introduce
decoherence
due to the
Zeeman effect.
• Calculations with
a more accurate Brueckner orbital set should resolve the issue; 
“magic” trapping may also be possible by considering other 
Rydberg states.
